Patients with refractory or recurrent B-lineage hematologic malignancies have less than 50% of chance of cure despite intensive therapy and innovative approaches are needed. We hypothesize that gene modification of haematopoietic stem cells (HSC) with an anti-CD19 chimeric antigen receptor (CAR) will produce a multi-lineage, persistent immunotherapy against B-lineage malignancies that can be controlled by the HSVsr39TK suicide gene. High-titer third-generation self-inactivating lentiviral constructs were developed to deliver a second-generation CD19-specific CAR and the herpes simplex virus thymidine kinase HSVsr39TK to provide a suicide gene to allow ablation of gene-modified cells if necessary. Human HSC were transduced with such lentiviral vectors and evaluated for function of both CAR and HSVsr39TK. Satisfactory transduction efficiency was achieved; the addition of the suicide gene did not impair CAR expression or antigen-specific cytotoxicity, and determined marked cytotoxicity to ganciclovir. NSG mice transplanted with gene-modified human HSC showed CAR expression not significantly different between transduced cells with or without HSVsr39TK, and expression of anti-CD19 CAR conferred anti-tumor survival advantage. Treatment with ganciclovir led to significant ablation of gene-modified cells in mouse tissues. Haematopoietic stem cell transplantation is frequently part of the standard of care for patients with relapsed and refractory B cell malignancies; following HSC collection, a portion of the cells could be modified to express the CD19-specific CAR and give rise to a persistent, multi-cell lineage, HLAindependent immunotherapy, enhancing the graft-versus-malignancy activity.
Introduction
Chimeric antigen receptors (CAR) are generated by fusing the antigen binding domain of a monoclonal antibody to intracellular signaling domains capable to activate immune cells, leading to engineered specificity to direct cellular cytotoxicity against malignant cells bearing the target for the antigen recognition domain of the CAR. [1] [2] [3] [4] CD19 represents an ideal target for B cell malignancies as it is present in the majority of B cell malignancies and is absent from haematopoietic stem cells (HSC). Although it is expressed on non-malignant B cells, the clinical experience with rituximab therapy has demonstrated the feasibility of survival without B lymphocytes by routine intravenous gamma-globulin replacement. Given the poor outcome demonstrated in patients with relapsed or refractory B cell malignancies, there is a clinical need for novel therapeutics directed toward this patient population. 5, 6 Although the majority of the published work with CAR has focused on CAR modified T cells, [7] [8] [9] [10] [11] [12] the expression and effective antigen-specific cytotoxicity of CAR has also been shown in natural killer (NK) cells and myeloid cells. [13] [14] [15] [16] [17] Our group and others have published effective transgene expression and antigen targeting by gene modification of HSC with CAR 18, 19 or transgenic T cell receptor (TCR). [20] [21] [22] [23] [24] Such approaches lead to continuous in vivo lymphopoiesis and proliferation of genemodified T cells, potentially leading to long-term persistence of antigen-specific immunity. CAR modification of HSC increases the immune effector cells by its expression and directed antigen specificity in multiple lineages (T cells, NK cells and myeloid cells).
To increase the safety of the modification of HSC, a suicide gene can be inserted into the gene transfer vector to eradicate the modified cells in the setting of toxicity. 19, 23, 25 The most extensively used suicide gene is the herpes simplex virus thymidine kinase (HSV-TK), which phosphorylates the prodrugs acyclovir or ganciclovir (GCV). The safety and efficacy of the HSV-TK suicide gene has been demonstrated in the setting of donor lymphocyte infusions, where administration of acyclovir terminated graft vs. host disease. [26] [27] [28] The hyper-active sr39 mutant of HSV-TK (HSVsr39TK) has been used due to significantly increased sensitivity to acyclovir and GCV. 29, 30 Here we report the pre-clinical evaluation of gene modification of human HSC with lentiviral vectors co-delivering CD19specific CAR and HSVsr39TK for immunotherapy of B lineage hematological malignancies.
Results

Promoter comparison in gene modification of Jurkat cells and primary human T cells
Transgene expression relies upon the construct promoter with variable efficacy depending on the transduced cell. We have initially evaluated 2 different promoters for the lentiviral vector constructs: the human EFS (human elongating factor-1 short) 31 and the retrovirus-derived MNDU3. 32 High-titer lentiviral vectors were produced carrying enhanced green fluorescent protein (EGFP) under either the EFS or MNDU3 promoters, and used for gene modification of Jurkat cells and primary human T cells ( Fig. 1A) .
In Jurkat cells, comparing similar transduction concentrations of high-titer vectors (vector MNDU3-EGFP at 2.6£10 10 TU/mL and EFS-EGFP at 7.7 £ 10 10 TU/mL), the transduction efficiency measured by flow cytometry for EGFP and vector copy numbers (VCN) of the MNDU3 promoter and the EFS promoter were similar, reaching a plateau above 15 copies/cell ( Fig. 1B, 1st panel) . As expected, geometric mean fluorescence index (MFI) increased with higher copy number for both vector constructs, with non-significant difference between the mean MFI achieved by both vector constructs ( Fig. 1B, 2nd panel) .
In primary human T cells, the MNDU3 promoter construct was also found to have similar transduction efficiency when compared with the EFS promoter, at lower final copy numbers, reaching a plateau around 5 copies/cell ( Fig. 1B, 3rd panel) . A difference between the promoters in primary T cells was noted when analyzing EGFP MFI per integrated vector copy number/cell ( Fig. 1B, 4th panel). The EFS vector reached a lower plateau on MFI despite increasing copy numbers, while the MNDU3 consistently achieved about 2 to 3-fold higher MFI (p D 0.004). This suggests that in primary cells the MNDU3 promoter has an increased advantage by promoting higher expression at comparable, or even lower, integrated vector copies/cell ( Fig. 1B and Fig. S1 ).
Lentiviral co-delivery of CAR and HSVsr39TK (Figures 1A-F)
To compare the MNDU3 and EFS promoters on the expression of CAR, lentiviral constructs ( Fig. 1A) were then produced for transduction of Jurkat cell line and primary T cells with the first-generation CD19-specific CAR (CD19R) and HSVsr39RK, for evaluation of VCN by qPCR, CAR expression by flow cytometry, and transgene function by antigen-specific cytotoxicity and GCV killing. Small-scale production of such constructs generated the vectors MNDU3-CD19R (mean titer 4.9 £ 10 6 TU/mL), MNDU3-CD19R-HSVsr39TK-WPRE (mean titer 1.7 £ 10 6 TU/ mL), EFS-CD19R-HSVsr39TK (mean titer 1.3 £ 10 6 TU/mL) and EFS-CD19R-HSVsr39TK-WPRE (mean titer 1.2 £ 10 6 TU/ mL) ( Fig. 1A) . CAR expression through transduction with the different vectors was confirmed by flow cytometry (Fig. 1C ) and
Western Blot (Fig. 1D ). The CAR expression by flow cytometry demonstrated higher expression and MFI with the MNDU3 promoter compared with the EFS promoter (p D 0.003) in primary T cells ( Fig. 1E ) similar to our findings with lentiviral transductions delivering EGFP (Fig. 1B) ; the EFS promoter without woodchuck hepatitis virus posttranscriptional regulatory element (WPRE) had the lowest mean CAR expression. As expected from the CAR expression, the mean VCN was highest with the MNDU3 promoter compared with the EFS in T cells ( Fig. 1F ), although not reaching statistical significance (p D 0.15).
The cytotoxicity of the transduced T cells against CD19expressing Raji cells was then used to evaluate the antigen-specific cytotoxicity determined by CAR, comparing the different vector constructs. The results showed similar target cell lysis with the MNDU3-CD19R, MNDU3-CD19R-HSVsr39TK-WPRE, EFS-CD19R-HSVsr39TK and EFS-CD19R-HSVsr39TK-WPRE constructs, all 4 had significantly greater target cell killing than the non-transduced cells (p < 0.03 for all 4 comparisons). In addition, the percentage of Raji cells killed increased significantly faster as the effect to target ratio increased in the 4 constructs compared with the non-transduced cells (p0.02 for the comparison of slopes) ( Fig. 2A ). The presence of GCV decreased the survival of the cells containing the HSVsr39TK vector compared with the non-transduced and control vector MNDU3-CD19R ( Fig. 2B ). Based upon these findings, the MNDU3-CD19R-HSVsr39TK-WPRE vector backbone was chosen for further studies with the addition of the stimulatory molecule CD28 to generate a secondgeneration CAR.
Addition of the CD28 costimulatory molecule
Given importance of a second signal in addition the CD3 z, for T cell proliferation and cytotoxicity, the costimulatory molecule CD28 was added proximal to the CD3 z to create the second-generation CAR, CD19RCD28. 33, 34 A lentiviral vector delivering CD19RCD28 was used as a control for comparison to the vector co-delivering CD19RCD28 and HSVsr39TK ( Fig. 1A , last vector diagram). Human T cells were used to evaluate both vectors for transduction efficiency, cytotoxicity and GCV killing against nontransduced T cells as controls. The mean CAR expression by flow cytometry was 59.1% for MNDU3-CD19RCD28 and 38.3% for MNDU3-CD19RCD28-HSVsr39TK-WPRE (p D 0.26) (Fig. 2C ). The cytotoxicity against CD19-positive Raji cells was also similar between MNDU3-CD19RCD28-and MNDU3-CD19RCD28-HSVsr39TK-WPRE-transduced T cells, with less than 10% target cell lysis by the non-transduced cells (p0.03) ( Fig. 2D ). As demonstrated with the first-generation construct, the MNDU3-CD19RCD28-HSVsr39TK-WPRE determined significantly decreased survival after exposure to GCV compared with the other transduced and non-transduced controls, based on comparison of the difference in slopes (p0.0002) ( Fig. 2E ). These results led to further assessment of this vector for gene modification of human HSC.
Modification of human HSC with the lentiviral vector for co-delivery of CD19RCD28 and HSVsr39TK
To evaluate the transduction efficiency and function of the suicide gene-containing vector in vitro, human umbilical cord blood CD34 cells were transduced with either the concentrated MNDU3-CD19RCD28-HSVsr39TK-WPRE vector (mean titer 1.49 £ 10 9 TU/mL) or concentrated MNDU3-CD19RCD28 vector control (mean titer 1.97 £ 10 9 TU/mL), or non-transduced cells, and cultured under myeloid differentiation conditions. 18 Fig. 3A outlines the modification of HSC, myeloid differentiation and in vitro studies. Flow cytometry on day C11 following transduction revealed effective CAR expression of both vectors with 29.3% mean CAR expression from the MNDU3-CD19RCD28 vector and 27.2% mean CAR expression from the MNDU3-CD19RCD28-HSVsr39TK-WPRE vector ( Fig. 3B and 3C ). VCN was similar between the 2 vectors ( Fig. 3C ). Anti-CD19 CAR successfully directed myeloid cells cytotoxicity against CD19C Raji cells, similarly to T cells, as opposed to minimal target cell cytotoxicity by non-transduced myeloid cells derived from non-gene modified HSC (p D 0.002) ( Fig. 3D ). GCV effectively eradicated the HSVsr39TK-modified cells with minimal impact on the non-transduced or MNDU3-CD19RCD28-transduced cells, determined by comparison in slopes (p < 0.0001) ( Fig. 3E ).
In vivo engraftment and ablation of gene-modified HSC in humanized NSG mice
In vivo assessment of the engraftment, proliferation, and differentiation of modified human HSC cells were performed following the intrahepatic injection of non-transduced, CD19RCD28-, and CD19RCD28-HSVsr39TKtransduced human HSC into sublethally irradiated NOD scid gamma (NSG) pups ( Fig. 4A outlines in vivo experiments). There was no significant difference of engraftment of human cells between the non-transduced, CD19RCD28-, or CD19RCD28-HSVsr39TK-transduced arms, as defined by flow cytometry detection of human CD45-positive cells (Fig. 4C ). CAR expression was also detected in the mice engrafted with transduced HSC, and absent in the mice engrafted with non-transduced cells ( Fig. 4D and 4E ).
Mice engrafted with cells from the 3 different arms were challenged with subcutaneous injection of CD19-positive Raji cells to evaluate anti-tumor response ( Fig. 4B ). NSG mice with no humanization had to be killed up to 40 d post-injection, while mice engrafted with non-transduced human HSC developed tumors and were killed up to 60 d post-challenge. Mice engrafted with CAR-transduced HSC presented anti-tumor protection, and did not develop tumors on follow-up to 120 d ( Fig. 4B) .
At 16-20 weeks post-transplant, mice in each cohort (CD19RCD28, CD19RCD28-HSVsr39TK, and non-transduced) were treated with either intraperitoneal GCV 50 mg/kg daily or PBS for 5 consecutive days. Ten days following GCV treatment, all mice were harvested and cells from bone marrow, spleen, and peripheral blood were evaluated by flow cytometry for detection of human CD45C cells and CAR expression, and by qPCR for integrated vector copy number analysis ( Fig. 4C-E) .
When evaluating for CAR expression by flow cytometry, human cells from bone marrow (BM) and spleen (S) of CD19RCD28-HSVsr39TK transplanted mice were 11.47 C/¡ 3.47 (BM) and 11.43 C/¡ 4.47 (S) if treated with PBS, vs. 5.15 C/¡ 1.14 (BM) and 2.54 C/¡ 0.61 (S), if treated with GCV (p D 0.07 for BM, p D 0.05 for S) (Fig. 4D ). While the percentages of human CD45C cells did not change with the drug treatments ( Fig. 4C ), the mice engrafted with HSC transduced with the CD19RCD28-HSVsr39TK vector demonstrated a decrease in CAR expression in the GCV-treated group compared with GCV-untreated group (Fig. 4D and 4E) .
When analyzing the harvested cells transduction by VCN, mice transplanted with non-transduced and CD19RCD28 HSC treated with PBS had mean VCN of 0.05 C/¡ 0.03 and 0.43 C/¡ 0.17 (BM), and 0.02 C/¡ 0.02 and 0.197 C/¡ 0.11 (S). After treatment with GCV, mice transplanted with non- transduced and CD19RCD28 HSC had mean VCN of 0.09 C/¡ 0 and 0.28 C/¡ 0.096 (BM), and 0.013 C/¡ 0.009 and 0.53 C/¡ 0.21 (S) which were not statistically different ( Fig. 4D and  4E ). Bone marrows from mice transplanted with the CD19RCD28-HSVsr39TK-transduced HSC had mean VCN of 0.25 C/¡ 0.09 when treated with PBS and 0.05 C/¡ 0.025 when treated with GCV (p D 0.05) (Fig. 4D ). Spleens from mice transplanted with the CD19RCD28-HSVsr39TK vector had mean VCN of 0.554 C/¡ 0.247 when treated with PBS and 0.05 C/¡ 0.21 when treated with GCV (p D 0.01) (Fig. 4E) . These PCR results corroborate the flow cytometry findings of ablation of gene-modified HSC carrying HSVsr39TK.
Discussion
Our group has previously published that CAR-modified HSC can engraft and lead to CAR-expressing immune cells in the NSG humanized mouse model., 18, 23 In this report we demonstrate that human HSC can be effectively modified with a lentiviral vector to co-express CAR and HSVsr39TK, and successfully engraft in a humanized mouse model, generating human cells that have engineered specificity and are amenable to ablation through activation of the suicide gene ( Fig. 4C-E) .
To our knowledge this is the first report showing engraftment of gene-modified HSC expressing HSVsr39TK and CAR. The effective use of the HSVsr39TK suicide gene for ablation of HSC is consistent with previously published data in mice 2230 and Rhesus monkeys, 35 further demonstrating the ability of the HSVsr39TK to function as a suicide gene in HSC. The use of HSVsr39TK in this work was chosen due to the extensive clinical experience available from multiple clinical trials. 26, 36 Multiple cited disadvantages of the clinical application of HSV TK are cell cycle dependence, relatively slow mechanism of action, the avoidance of use of a clinically used antiviral drug, and the risk of immunogenicity to a foreign molecule. 19 However, the use of this suicide gene in the HSCT context represents the optimal situation for the application, as it decreases immunogenicity and favors induction of tolerance. 17, 27, 36 The construct used in this study used a second-generation CAR with the CD28 costimulatory domain, which has been shown in previous studies to effectively activate T cells, NK cells and myeloid cells. 18, [37] [38] [39] Preclinical studies have shown mixed results regarding different costimulatory domains, with CD137 (4-1BB) 8, 9 presenting the most successful responses in clinical trials using gene-modified T cells. Further work is necessary to determine the preferred costimulatory domain for modification of HSC. It is important to highlight that the CAR construct used directed antigen-specific cytotoxicity in T cells ( Fig. 2A and 2D ) and myeloid cells ( Fig 3D) , as we have demonstrated in previous publications. 18, 19, 23 Upon evaluation of the vector response to ganciclovir treatment, no difference was seen in the CAR expression or vector copy number of the mice with CD19RCD28 transduced HSC (Fig. 4C) . In those mice engrafted with HSC transduced with CD19RCD28-HSVsr39TK there was a significant difference in both CAR expression and vector copy number when comparing treatment with ganciclovir or PBS (Fig. 4D and 4E ). CAR expression was significantly decreased in the spleen after ganciclovir treatment as well as vector copy number in both the spleen and the bone marrow ( Fig. 4D and 4E ). Based on these results, ablation of HSC transduced with the suicide gene HSVsr39TK is possible with ganciclovir treatment. In our experimental findings it is important to note that the transplant of gene-modified HSC was performed one day after lentiviral transduction and without any selection before injection into mice. The transgenes are not expected to be expressed until days later after transduction, when the cells would have started to differentiate if kept in culture, losing pluripotency and proliferation potential. Optimization of lentiviral transduction may still be attempted, keeping vector integration to a maximum of 1-3 copies/cell, and carefully evaluating proliferation of genemodified cells, genotoxicity and potential development of malignant transformation.
Lymphodepletion preceding infusion of CAR-modified T cells enhance the anti-cancer immune targeting in animal models and clinical trials. 11, 40, 41 The experience from gene transfer protocols for ADA-SCID has shown that a conditioning regimen is necessary for sufficient engraftment of the gene-modified cells. 42, 43 The treatment of relapsed and refractory B cell malignancies lends itself well to immunotherapy approaches as haematopoietic stem cell transplant is frequently part of the standard of care for these patients. Following progenitor cell collection, a portion of these cells could be modified to express the CD19-specific CAR and give rise to a persistent, multi-cell lineage, HLA-independent immunotherapy, enhancing the graft-vs.-malignancy activity. Based on current clinical trials of gene therapy, 23, 43 gene modification of a partial portion of HSC would be sufficient to give rise to a large number of antigen-specific immune cells, and ablation of such gene-modified cells would not cause myeloablation. The generation of NK and myeloid cells bearing CAR would allow earlier directed anti-tumor activity until post-transplant thymopoiesis can take place, enhancing the graft-vs.-cancer activity.
The experimental results here reported give proof of principle for CAR-modified HSC regulated by suicide gene, and further studies are needed to enable full clinical translation of this approach. Different ablation approaches, such as inducible caspase 9 or co-delivery of inert cell surface markers (truncated CD20, truncated EGFR) may be more efficient on ablating gene-modified cells and should be evaluated. 11, 19 The feasibility of co-delivery of a suicide system to inactivate gene-modified HSC ensures increased safety for clinical translation of this approach, as a potential "off-switch" in case of undesired side effects or complications.
Materials and methods
Lentiviral vector constructs
The third-generation self-inactivating lentiviral vectors used the pCCL ¡ c backbone 44 and contained the Human Elongation Factor a short (EFS) 31 or MND LTR U3 (MNDU3) 32 promoter (Fig. 1A) . The single chain variable fragment (scFv) targeting CD19 was connected to the intracellular domain of the human CD3z T cell intracellular domain through a "stalk" hinge region from the human IgG1Fc protein. 45 The hypersensitive HSVsr39TK suicide gene sequence was cloned into the plasmid. 22, 30 The plasmids containing the EFS promoter were prepared with and without the mutated woodchuck hepatitis virus posttranscriptional regulatory element (WPRE). 46, 47 The costimulatory domain CD28 was cloned into the plasmid, creating a second-generation CAR. 18, 37 Lentiviral vector production Lentiviral supernatant was created through transfection of 293T cells with gag/pol plasmid, VSV-G envelope plasmid, and the lentiviral plasmids of the constructs shown in Fig. 1A . High-titer vectors were produced by tangential flow filtration. 48 The first-generation anti-CD19 CAR, MNDU3-CD19R, was used a control. The titer determination of the vectors was performed through transduction of HT-29 cells with 3 independent dilutions of 10 ¡1 vector. The cells were harvested after 72 hours of incubation, and the DNA was extracted using the Qiagen Ò DNeasy kit (Qiagen 69504). The titer was determined through qPCR of the DNA extraction product. 48 Each vector construct was produced at least in 3 different batches to determine mean titer and evaluate transduction efficiency.
Human cell lines and primary human cells
The Raji lymphoblast-like cell line was used as a CD19-expressing cell line for target in cytotoxicity assays and in vivo tumor challenges (ATCC CCL-86). Peripheral blood from anonymous donors was used to isolate peripheral blood mononuclear cells (PBMC) through Ficoll-Paque Plus (GE Healthcare Life Sciences 17-1440-02) density gradient separation. Dynabeads Ò Human T-Activator CD3/CD28 beads (ThermoFisher Scientific 11132D) were used to activate T lymphocytes through incubation for 72 hours. After 72 hours, the T cells were harvested and beads removed through a magnetic column system. Once the beads were removed, 5 £ 10 5 cells were transduced in R10 at 4 £ 10 7 TU/mL. These cells were kept in culture in RPMI plus 10% FBS (R10) with rhuIL-2 (R&D Systems 202-IL-500) and reactivated with the anti-CD3/CD28 beads every 7-10 d.
Umbilical cord blood units were obtained through anonymous collection from the delivery rooms at UCLA. Isolation of human CD34C cells were obtained through immunomagnetic beads (MACS CD34 MicroBead Separation Kit, Miltenyi 130-046-702) and stored at ¡170 C. After thawing, these cells were prestimulated for 14 hours in X-Vivo15 medium (Lonza 04-744Q) with human stem cell factor (SCF), Flt-3 ligand, and thrombopoietin (R&D Systems 255-SC-200, 308-FK and 288-TP). 1 £ 10 6 cells in 1 mL with wells coated with recombinant human fibronectin fragment RetroNectin (Clontech T100B) were transduced at a vector concentration of 5 £ 10 7 TU/mL for 24 hours. 18 Myeloid differentiation conditions were created by culture for 12-15 d in Iscove's Modified Dulbecco's medium (IMDM) (Corning 10-016-CM) with 10% FBS, plus SCF and IL-3. 18 
Flow cytometry
All flow cytometry acquisitions were made using a Fortessa cytometer (BD Biosciences), and analyses performed using BD FACS Diva Software 6.1 (BD Biosciences). The presence of the CAR was detected through flow cytometry using a Fluorescein isothiocyanate (FITC)-labeled goat anti-human IgG Fc gamma F(ab') 2 (Jackson ImmunoResearch Laboratories 109-096-008) which binds to the IgG1 Fcg hinge region of the CAR construct. 18, 37 Cell surface markers were assessed by staining with fluorescent-labeled murine monoclonal antibodies for 20 min in the dark at 4 C, followed by washing in PBS with 2.5% FBS and fixation using BD stabilizing fixative (BD Biosciences 338036) as described previously. 18 All experiments with determinations of geometric MFI ( Fig. 1B and Fig. S1 ) were performed using the same protocol, fluorochrome voltages and cytometer.
Vector copy number assessment
The Qiagen DNeasy Blood and Tissue kit (Qiagen 69504) was used to extract DNA from samples. The DNA was quantified using the Sigma-Aldrich DNA Quantification Fluorescence Assay kit (Sigma-Aldrich DNAQF-1KT) The HIV-1 c region of the vector provirus was detected using Taqman primers and probes and compared with a standard curve generated from genomic DNA obtained from a cell line with an established lentiviral vector copy number. 18 The quantitative real-time-PCR (qPCR) was performed using the ABI 7700 Sequence Detector (Applied Biosystems).
Western blot
For immunoblot analysis of CAR expression, Jurkat cells transduced with the lentiviral vectors were lysed with Denaturing Cell Extraction Buffer (ThermoFisher Scientific FNN0091) in presence of protease inhibitor (Roche Diagnostics 04693116001), and protein lysates were quantified using BCA assay (Pierce BCA Protein Assay kit (ThermoFisher Scientific 23227). The appropriate protein samples were collected and placed at 95 C for 10 mins and subjected to SDS-PAGE and immunoblotting. The immunoreactive protein bands of CAR were visualized with a peroxidase-conjugated goat antihuman IgG Fcg fragment specific (Jackson ImmunoResearch 109-03-008) and actin bands were visualized with a primary murine monoclonal anti-b-actin antibody (Sigma Aldrich A1978) followed by a peroxidase-conjugated secondary antimouse IgG (Fc specific) antibody (Sigma Aldrich A0168), using Pierce ECL Plus western blotting substrate (Thermo-Fisher Scientific 32134) and a Typhoon TM FLA 900 biomolecular imager (GE Healthcare Life Sciences). Reduced protein samples were treated with NuPAGE sample reducing agent 0.7X (ThermoFisher Scientific NP0004).
Cytotoxicity assays
The cytotoxicity analysis was performed using a non-radiation based assay flow cytometry Live/Dead Cell Mediated Cytotoxicity Kit (ThermoFisher Scientific L7010) 5 £ 10 5 target cells per well in a "U" bottom 96-well plate. The target cells used were Raji and K562 cell lines. These cells were stained with 3,3 0 diethyloxacarbocyanine iodide (DiOC) and placed in R10 media containing propidium iodide (PI). Cells positive for both DiOC and PI were considered non-viable. The cytotoxicity was assessed at the effector to target ratios of 5:1, 10:1, 20:1, and 40:1 using a Fortessa cytometer (BD Biosciences). 18 Ganciclovir cell death assays CAR transduced Jurkat cells or primary human cells were plated at 1 £ 10 5 cells in 1 mL in a 48-well tissue culture treated plate in RPMI with 10% FBS and 1% penicillin-streptomycin. Non-transduced cells and cells transduced with a CAR that does not contain the suicide gene were used as controls. The cells were incubated with R10 or ganciclovir at 1 mM, 10 mM, 100 mM, 1,000 mM or 10,000 mM for 96 hours at 37 C. 30, 49, 50 The cells were harvested and stained with a FITC anti-IgG FC. DAPI was added and the cells were assessed for survival using flow cytometry.
In vivo studies NOD/SCID/g chain null mice (NSG) (Jackson Laboratory 005557) were kept according to the protocol approved by the UCLA Office of Animal Research Oversight. All animals were handled in laminar flow hoods and housed in microinsulator cages in a pathogenfree colony in a biocontainment vivarium facility. At 3-7 d of life the NSG pups were irradiated with 150cGy of sublethal total body irradiation from a 137 Ce source with attenuator. One day following irradiation, the pups received 3 £ 10 5 cells/pup of gene-modified or non-modified CD34-positive cells isolated from human umbilical cord blood via intrahepatic injection, one day after vector transduction, with cells injected without any selection. After transplant, mice were allowed to engraft over 12 weeks. 18 At 12 weeks posttransplantation, the pups were screened for the presence of human CD45-positive cells and CAR modified cells in the peripheral blood through retro-orbital venous blood sampling by flow cytometry. Once engraftment was determined, a cohort of mice from each arm were treated with intraperitoneal GCV 50 mg/kg daily for 5 d. 30 The mice were harvested 10-15 d following ganciclovir treatment and evaluated for the presence of CAR-modified cells in the bone marrow and spleen, by flow cytometry and qPCR. 22 Separate humanized mice with the different transduction arms were challenged with subcutaneous injection of 1 million Raji cells (CD19positive human lymphoblast-like cell line) to evaluate anti-tumor response. Mice were killed if tumors developed a diameter greater than 1.5 cm, interfered with bodily functions, or if the tumors showed ulceration.
Statistical analyses
Summary statistics (means, standard deviations and standard errors) were computed for each group. The Student's t-test was used to compare the means of outcome measures between groups. We used linear regression models to compare the effect of concentration (ganciclovir) or effector to target ratio vs. the percentage of surviving cells. In these models we used interaction effects to test for differences in the relationship between concentration (or effector ratio) and survival between the different cell types. P values 0.05 were used for assigning statistical significance. Analyses of experimental data were performed using GraphPad Prism 7 and SAS (ver 9.14). Disclosure of potential conflicts of interest SL is a consultant for Bristol-Myers Squibb. TT is currently employee of Genentech, hired after having completed her participation in this project.
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